Tubulogenesis is essential for the formation and function of internal organs. One such 49 organ is the trachea, which allows gas exchange between the external environment and 50 the lungs. However, the cellular and molecular mechanisms underlying tracheal tube 51 development remain poorly understood. Here, we show that the potassium channel 52 KCNJ13 is a critical modulator of tracheal tubulogenesis. We identify Kcnj13 in an 53 ethylnitrosourea forward genetic screen for regulators of mouse respiratory organ 54 development. Kcnj13 mutants exhibit a shorter trachea as well as defective smooth 55 muscle (SM) cell alignment and polarity. KCNJ13 is essential to maintain ion 56 homeostasis in tracheal SM cells, which is required for actin polymerization. This 57 process appears to be mediated, at least in part, through activation of the actin regulator 58 AKT, as pharmacological increase of AKT phosphorylation ameliorates the Kcnj13 59 mutant trachea phenotypes. These results provide insights into the role of ion 60 homeostasis in cytoskeletal organization during tubulogenesis. 61 62
Abstract 4
Kcnj13 T38C/T38C tracheas were shorter than WT (Fig. 3a, b ), indicating that impaired tracheal 136 tube elongation occurs after SM differentiation, which starts at E11.5 2 . Since altered SM 137 morphogenesis can affect tracheal elongation 13 , we analyzed tracheal SM development. SM 138 cells which are positioned dorsally in the trachea, displayed no obvious differences between 139
WT and Kcnj13 T38C/T38C animals from E11.5 to E12.5 ( Fig. 3c, d ). Disorganized SM stripes of 140 decreased area were first observed in E13.5 Kcnj13 T38C/T38C tracheas and became more 141 noticeable starting at E14.5 ( Fig. 3c, d ). Another important process during trachea formation 142 is the appearance of cartilage from the condensation of mesenchymal cells into chondrogenic 143 nodules 6 . At E13.5, a clear pattern of condensed SOX9 + mesenchymal cells resembling 144 cartilaginous rings was readily distinguished in WT, whereas such condensations were seldom 145 detected in Kcnj13 T38C/T38C tracheas (Fig. 3e, f ). This effect on SM organization and 146 mesenchymal condensation appeared specific, as we did not observe significant differences 147 between WT and mutant animals in the proliferation of SM cells ( Supplementary Fig. 5a , b) 148 or SOX9 + mesenchymal cells ( Supplementary Fig. 5c , d) or apoptosis ( Supplementary Fig.  149 5e). Next, we examined the expression levels of Sox9, which encodes a key regulator of 150 chondrogenic nodule formation 14 . Kcnj13 T38C/T38C tracheas exhibited no significant difference 151
in Sox9 mRNA levels compared to WT ( Supplementary Fig. 5f and Supplementary Table 2 ), 152
indicating that Kcnj13 participates in cartilage formation through a Sox9 independent pathway. 153 Potassium channels have been reported to modulate cell differentiation 15 . We observed 154 reduced differentiation of acetylated alpha-tubulin + multiciliated cells ( Supplementary Fig.  155 5g, h) but a WT-like distribution of CC10 + club cells ( Supplementary Fig. 5g , i) and KRT5 + 156 basal cells ( Supplementary Fig. 5g , j) in the mutant tracheas. In addition, Kcnj13 T38C/T38C 157 tracheas exhibited WT-like organization of the tracheal epithelium ( Supplementary Fig. 5k ). 158 Collectively, these results suggest that SM organization and mesenchymal condensation are 159 essential for tracheal tube formation. 160 161
Kcnj13 modulates SM cell alignment and polarity. To investigate the cellular mechanisms 162
underlying Kcnj13-mediated tracheal tube formation, we analyzed SM cell alignment and 163 polarity in WT and Kcnj13 T38C/T38C tracheas. Tracheal SM cells differentiate and acquire 164 radial cell polarity starting at E11.5 13 ; they develop spindle shapes and become 165 circumferentially aligned by E13.5 ( Fig. 3c ). WT tracheal SM cells were aligned in a 166 direction perpendicular to that of tracheal elongation by E14.5 (Fig. 4a, b) . In contrast, 167
Kcnj13 T38C/T38C SM cells displayed random alignment (Fig. 4a ), which could be quantitatively 168 assessed (Fig. 4b) , as well as abnormally rounded nuclei (Fig. 4a, c) . These mutant SM cells 169 aligned into 7-8 layers compared to 3-4 layers in WT at E14.5 ( Fig. 4d, e ). To better 170 understand the polarization of SM cells, we examined the localization of the Golgi apparatus 171 relative to the cell nucleus, using the cis-Golgi matrix marker GM130, a widely used method 172 to determine cell polarity in different cell types [16] [17] [18] . In WT SM cells, the GM130-labeled 173
Golgi exhibited a ribbon-like morphology and localized preferentially by the long edges of the 174 nucleus ( Fig. 4f, g) . In contrast, in Kcnj13 T38C/T38C SM cells, the Golgi exhibited a more 175 compact structure with random alignment (Fig. 4f, g Kcnj13 T38C/T38C mice exhibited no significant differences in mitotic spindle orientation 202
( Supplementary Fig. 9a , b) or cell proliferation in the tracheal epithelium ( Supplementary Fig.  203 9c, d), or key growth factor gene expression ( Supplementary Fig. 9e and Supplementary 204 Table 4 ), indicating that Kcnj13 mutations do not affect cell growth in the epithelium. 205
Altogether, these data indicate that KCNJ13 function is specifically required in SM, but not in 206 epithelial cells, for tracheal tube elongation. 207
Both the trachea and esophagus are derived from the foregut and separate after 208 E9.5 22,23 . Next, we sought to determine whether Kcnj13 was also required for esophageal 209 elongation. We measured P0 esophagi and found that Kcnj13 T38C/T38C mice displayed 210
shortened esophageal tubes compared to their WT siblings ( Supplementary Fig. 10a, b ). We 211 also analyzed the expression pattern of KCNJ13 in the developing esophagus: KCNJ13 was 212 weakly expressed in E12.5 esophageal SM cells and this expression level increased as the SM 213 tissue developed ( Supplementary Fig. 10c ). Next, we examined esophageal SM morphology. 214
Newly differentiated esophageal SM cells were not fully elongated or well organized at 215 E11.5-E12.5 ( Supplementary Fig. 10d , e). They developed spindle shapes and became 216 circumferentially aligned by E13.5 ( Supplementary Fig. 10d , e). We found that esophageal 217 SM was disorganized in Kcnj13 T38C/T38C mice ( Supplementary Fig. 10f ) with altered SM cell 218 alignment ( Supplementary Fig. 10g , h) and polarity ( Supplementary Fig. 10i , j). These data 219
indicate that KCNJ13-mediated SM cell alignment and polarity play a broader role in 220 epithelial tubulogenesis. 221 222 6 Kcnj13 modulates actin organization in SM cells. Inactivation of Kir channels has been 223 reported to cause depolarization of cell membranes 24 . To determine the molecular 224 mechanisms underlying KCNJ13-regulated SM cell alignment and polarity, we examined SM 225 cell membrane potential by using the voltage-sensitive fluorescent dye DiBAC 4 (3) 25 . The 226 fluorescence intensity appeared higher in Kcnj13 T38C/T38C SM cells compared to WT ( Fig. 5a,  227 b), suggesting that mutant SM cell membranes are depolarized. In addition, after treatment 228 with 50 μM VU590, a KCNJ13 inhibitor 26 , E14.5 WT tracheas also exhibited SM cell 229 membrane depolarization compared to controls ( Fig. 5c, d) . 230 Membrane depolarization has been reported to decrease the amount of actin filaments 231 (F-actin) 27 and thus affect mechanical support and cell shape 28 . Thus, we hypothesized that 232 SM cell membrane depolarization might lead to actin depolymerization, and consequently to 233 alteration of cell shape and alignment. We examined F-actin content by phalloidin staining, 234
and observed that Kcnj13 T38C/T38C tracheas exhibited decreased F-actin levels in SM cells 235 compared to WT ( Fig. 5e, f ). In addition, an ex vivo 48 hour VU590 treatment led to a 236 shortened trachea ( Fig. 5g , h) with altered SM cell alignment ( Fig. 5i , j) and shape ( Fig. 5i , k), 237
as well as decreased F-actin levels ( Fig. 5i , l), similar to the phenotypes observed in 238 Kcnj13 T38C/T38C tracheas. These data indicate that KCNJ13-regulated membrane potential 239 modulates actin organization in tracheal SM cells. 240
KCNJ13, reported to have unique pore properties 29 , has been shown to facilitate the 241 efflux of intracellular potassium 30,31 . Thus, we hypothesized that accumulation of 242 intracellular positive charges was responsible for the altered SM cell alignment and shape 243 phenotypes in Kcnj13 T38C/T38C tracheas. To test this hypothesis, we used valinomycin, a 244 potassium ionophore reported to reduce intracellular potassium levels 32 , to deplete 245 intracellular potassium in Kcnj13 T38C/T38C tracheas in an ex vivo tracheal-lung organ culture 246 system 33 . After 2 μM valinomycin treatment, Kcnj13 T38C/T38C tracheas exhibited partially 247 rescued SM cell alignment ( Fig. 5m , n) and shape ( Fig. 5m , o) phenotypes compared to 248 DMSO-treated Kcnj13 T38C/T38C tracheas. These data indicate that KCNJ13-mediated 249 intracellular ion homeostasis is essential for tracheal SM cell alignment and shape. 250
Elevated extracellular potassium concentration has been reported to induce cell 251 depolarization 34 and increase intracellular potassium levels 32 . We hypothesized that an 252 increase in extracellular potassium concentration might phenocopy the KCNJ13 inactivation-253 induced tracheal SM cell defects. We examined SM cell membrane potential in E14.5 254 tracheas after 40 mM KCl treatment. The intensity of fluorescence emitted from DiBAC 4 (3) 255 was higher in tracheal SM cells after KCl treatment compared to controls ( Supplementary Fig.  256 11a, b). Interestingly, after a 48 hour 40 mM KCl treatment, E12.5 tracheas exhibited a 257 narrowing of SM stripes ( Supplementary Fig. 11c, d ), altered SM cell alignment 258
( Supplementary Fig. 11e , f) and shape ( Supplementary Fig. 11e , g) as well as decreased F-259 actin levels ( Supplementary Fig. 11e , h) compared to controls. We then used ouabain, a well 260 established inhibitor of Na+/K+-ATPase 32 , to deplete intracellular potassium in the presence 261 of elevated extracellular potassium. Notably, ouabain treatment, compared to DMSO 262 treatment, partially rescued the SM cell alignment ( Supplementary Fig. 11i , j) and shape 263
( Supplementary Fig. 11i , k) phenotypes caused by the increase of extracellular potassium. 264
These results further support the model that intracellular ion homeostasis is crucial for SM 265 cell alignment and shape. 266 7
Smooth muscle contraction has been reported to drive tubulogenesis 35 . Based on the 267 findings that Kcnj13 is required for SM cell alignment and actin organization, we 268
hypothesized that a disruption of SM cell orientation might lead to compromised 269 circumferential tracheal contraction resulting in tube elongation defects in Kcnj13 T38C/T38C 270 mice. To examine SM contractility, we measured contractile forces in several settings. 271
Kcnj13 T38C/T38C tracheas exhibited greatly reduced contractile forces compared to WT 272
( Supplementary Fig. 12a ). Notably, after 50 μM VU590 treatment, WT tracheas also 273 exhibited impaired SM contraction ( Supplementary Fig. 12a ). In addition, at early embryonic 274 stages, the anterior part of Kcnj13 T38C/T38C tracheas exhibited an expanded tube diameter 275 compared to WT ( Supplementary Fig. 12b ), while the posterior part appeared slightly 276 narrowed ( Fig. 4d ). Altogether, these data indicate that SM-mediated circumferential 277 contraction may prevent tracheal tube over-expansion and promote its elongation along the 278 longitudinal direction. 279 280 p-AKT as a mediator of Kcnj13 function in SM cells. We aimed to further understand how 281 KCNJ13 could influence actin organization in tracheal SM cells. The Ser/Thr kinase AKT, an 282 essential actin organizer 10,11 , has been reported to depend on potassium homeostasis for its 283 activation state, as assessed by Ser473 phosphorylation 32,36 . We thus examined the 284 phosphorylation level of AKT at Ser473 and found that it was greatly reduced in 285 Kcnj13 T38C/T38C tracheas compared to WT ( Fig. 6a-d ). In addition, after 50 μM VU590 286 treatment, WT tracheas also exhibited greatly reduced phosphorylation levels of AKT at 287
Ser473 compared to controls ( Fig. 6e, f ). Furthermore, Kcnj13 T38C/T38C tracheas, after 288 treatment with A-443654, a small molecule that increases AKT phosphorylation at Ser473 37 , 289 exhibited partially rescued SM cell phenotypes ( Fig. 6g -i) and F-actin levels ( Fig. 6j , k) 290 compared to controls. These results indicate that reduced AKT phosphorylation in 291 Kcnj13 T38C/T38C tracheas partially accounts for the SM cell alignment and shape phenotypes 292 via its action on actin polymerization ( Fig. 6l the recovery of fertility, the mutagenized G0 males were crossed with C57BL/6J female mice. 360 G1 males were outcrossed with C57BL/6J females to generate G2 females. Four G2 females 361
were backcrossed with their G1 father, and the resulting G3 P0 pups were subject to tracheal 362 and lung dissection and analysis. Nkx2.1 Cre , Myh11-CreER T2 and Shh flox alleles have been 363 previously described 6,21 . The Kcnj13 deletion (Kcnj13 Del-E2&3 ) and floxed (Kcnj13 flox ) alleles 364
were generated using the CRISPR-Cas9 system and homology directed repair. Two gRNAs 365
(targets #1 and #2) ( Supplementary Fig. 2) were selected for mouse Kcnj13 to direct Cas9 366 cleavage and insertion of loxP sites flanking exons 2 and 3 using an online CRISPR design 367 tool (http://crispr.mit.edu/). The gRNA sequences were cloned into pDR274 (Addgene, 368
Cambridge, MA) for gRNA production 51 . Next, gRNAs and Cas9 mRNA were synthesized 369 and microinjected into the cytoplasm of C57BL/6 inbred zygotes 52 , together with two 110-bp 370 single-stranded donors (#1 and #2). After injection, surviving zygotes were immediately 371 transferred into oviducts of ICR albino pseudopregnant females. supplemented with protease and phosphatase inhibitors (Cell Signaling, 5872). Lysates were 480 centrifuged at 10,000 g for 10 minutes, subjected to SDS-PAGE and transferred to 481 nitrocellulose membranes. Membranes were probed with primary and HRP-conjugated 482 secondary antibodies (Cell Signaling Technology) and were developed using the ECL 483 detection system (Pierce). For chemical treatment, tracheas were incubated in DMEM/F-12 484 12 medium containing 0.1% DMSO or 50 μM VU590 for 4 hours before lysis. All uncropped 485 images related to western blotting data are available in Supplementary Fig. 13 . 486 487 Quantification of western blot signals. The AKT, p-AKT and GAPDH levels were 488 quantified using ImageJ. AKT and p-AKT levels were normalized to the values yielded by 489 GAPDH. p-AKT fold change was calculated by the ratio of p-AKT/AKT and WT was 490 assigned to 1. 491 492
Antibodies. The following antibodies were used: Mouse anti-αSMA-Cy3 (1:1000 Tracheas and lungs were isolated from E12.5 embryos and cultured using an established 506 protocol 33 . For KCl (P9541, Sigma) treatment, a 2 M stock solution was diluted to 40 mM. 507
For VU590 (3891, TOCRIS) treatment, a 40 mM stock solution was diluted to 40 μM. For 508 valinomycin (3373, TOCRIS) treatment, a 2 mM stock solution was diluted to 2 μM. For 509 A443654 (16499, Cayman Chemical) treatment, a 0.5 mM stock solution was diluted to 0.5 510 μM. Isolated tracheas and lungs were cultured in DMEM/F-12 medium containing the above 511 chemicals at 37 °C in a 5% CO 2 incubator for 48 hours. For ouabain (1076, TOCRIS) 512 treatment, a 100 mM stock solution was diluted to 200 μM in DMEM/F-12 medium and 513 isolated tracheas and lungs were pre-incubated for 30 minutes and then cultured for another 514 48 hours after adding 40 mM KCl. 0.1% DMSO in DMEM/F-12 medium was used as a 515 control for VU590, valinomycin and A443654 treatment. 0.2% DMSO in DMEM/F-12 516 medium was used as a control for ouabain treatment. The medium was replaced every 24 517 hours before collection for analysis. 518 519
Tracheal SM cell membrane potential measurements. For the examination of tracheal SM 520 cell membrane potential, E14.5 tracheas and lungs were incubated in 10 μg/ml bis- ( 
